Genetic and environmental influences on brain morphology were assessed in an extended-pedigree design by extracting depth-position profiles (DPP) of the central sulcus (CS). T1-weighted magnetic resonance images were used to measure CS length and depth in 467 human subjects from 35 extended families. Three primary forms of DPPs were observed. The most prevalent form, present in 70% of subjects, was bimodal, with peaks near hand and mouth regions. Trimodal and unimodal configurations accounted for 15 and 8%, respectively. Genetic control accounted for 56 and 66% of between-subject variance in average CS depth and length, respectively, and was not significantly influenced by environmental factors. Genetic control over CS depth ranged from 1 to 50% across the DPP. Areas of peak heritability occurred at locations corresponding to hand and mouth areas. Left and right analogous CS depth measurements were strongly pleiotropic. Shared genetic influence lessened as the distance between depth measurements was increased. We argue that DPPs are powerful phenotypes that should inform genetic influence of more complex brain regions and contribute to gene discovery efforts.
Introduction
During gyrencephalic brain development, the cerebral cortex takes on a predictable folding pattern. The rolandic or central sulcus (CS) is a particularly identifiable landmark. With primary sensory and motor cortices on the caudal and rostral banks, respectively, the CS and surrounding region is perhaps the most thoroughly characterized portion of the cortex. From the first demonstrations of somatotopy in stimulate and observe paradigms (Horsley and Schafer, 1888) to mapping neural correlates of fine motor skill Rotte et al., 2002; Witt et al., 2008) , the perirolandic region has been assessed with systemslevel neuroscience paradigms for over a century. Despite a wealth of information on the coupling of structure and function, little is known of causal neurobiologic determinants of cortical morphology.
While the effects of specific environmental conditions are well described Hammond, 2002; Sun et al., 2012) , it is theorized that genetic factors play a strong role. Sulci are more similar in twins than unrelated pairs (Lohmann et al., 1999) . More directly related to genes, a shortened extent of the dorsal CS is characteristic of Williams syndrome (Galaburda et al., 2001) , which results from the deletion of a small section of chromosome 7 (Francke, 1999) . Additionally, expression of the DNA-associated protein Trnp1 varies by region and promotes radial or tangential cortical expansion with low or high expression levels, respectively (Stahl et al., 2013) . Together, these studies provide strong circumstantial evidence that the CS is influenced by genetic factors; however, the degree of genetic control is unknown. Establishing the heritability of CS features motivates the use of cortical folds as phenotypes in the search for genetic roots of neuroanatomy. Because sulcation is likely linked to other brain traits (Van Essen, 1997; Toro and Burnod, 2005; Xu et al., 2010; Nie et al., 2012) , the identification of genes that influence sulcal morphology would represent a significant neuroscientific advancement. To make progress toward this overarching goal, there is urgent need for fundamental neuroscientific traits that have been established in well understood brain structures.
Two large-scale neuroimaging initiatives-the Genetics of Brain Structure and Function study (GOBS) and the BrainMap database-were used to investigate the role of genetic factors in the established structure-function coupling of the CS. We treated CS depth as a continuous phenotype spanning the entire fundus by measuring its depth at 100 successive points, thus producing a depth-position profile (DPP). The functional importance of genetic influence was interpreted meta-analytically. We also tested for brain-behavior pleiotropy (shared genetic influence) using performance on a dextral speeded task. From these analyses, we propose the notion that the degree of genetic control of sulcal depth is an index of functional specialization.
In effort to provide foresight for future imaging-genetic studies, we also used DPPs to glean general principles from maps of shared genetic and environmental influences. Formally characterizing factors that influence the CS will better our understanding of the perirolandic region and should provide guidance for genetic investigations of less understood areas of the cortex.
Materials and Methods
Subjects. Studies using large extended pedigrees have multiple benefits compared with twin designs, including increased power to detect heritable effects, less confounding of genetic effects with shared environmental effects because of the inclusion of multiple households within pedigrees, and greater mathematical power to localize and identify causal quantitative trait loci (Blangero, 2004) . In this study, we examined 467 MexicanAmerican individuals from 35 large extended pedigrees (average family size ϭ 9 people; range ϭ 5-32) who have participated in the GOBS study to date. Participants were 61% female, ranged in age from 19 to 85 years (mean Ϯ SD ϭ 47.7 Ϯ 13.4 years) and were Ͼ90% right-handed. Handedness was assessed with the Edinburgh handedness inventory (Oldfield, 1971) . Individuals in this cohort have actively participated in genetics research for over 15 years and initially were randomly recruited with the constraints that they are of Mexican-American ancestry, part of a large family, and live within the San Antonio, TX region. In the current study, individuals were excluded for magnetic resonance imaging (MRI) contraindications, history of neurological illness, stroke or other major neurological event. All experiments were undertaken with the understanding and written consent of each subject on forms approved by the institutional review board at the University of Texas Health Science Center of San Antonio.
MR imaging. Imaging was performed using a Siemens 3 T Trio scanner and a multichannel phase array head coil. T1-weighted images of 800 m isotropic resolution were acquired using a retrospective motioncorrected protocol . Under this protocol, seven full-resolution volumes were acquired using a 3D TurboFLASH sequence with an adiabatic inversion magnetization preparation contrast pulse (scan parameters: TE/TR/TI ϭ 3.04/2100/785 ms, flip angle ϭ 11°). These optimized parameters enabled uniform tissue contrast across the imaging volume.
Preprocessing. The procedure to prepare images for extraction of sulcal phenotypes consisted of the following steps: removal of nonbrain tissue (Smith, 2002) , correction for spatial variations in intensity (Zhang et al., 2013) , and global spatial normalization (Smith et al., 2004) . Global spatial normalization was used to reduce intersubject variability in global brain size, shape, and orientation by spatially registering all images to a Talairach-compliant population-based template using a nine parameter, affine, linear transformation (Kochunov et al., 2002) . This lessened the impact of highly heritable variability in brain volume, focusing subsequent genetic analyses on regional variance of sulcal structures rather than variance associated with whole brain size (Rogers et al., 2007; . Last, all images were resliced to isotropic 800 m spacing using a 3D, 15 voxel wide sinc interpolation kernel.
Extraction of phenotypes. Images were imported into the BrainVISA database system (www.brainvisa.info) and processed with the sulcal extraction and identification pipeline ) and a freely available library of morphological tools (www.nitrc.org/projects/brainvisa_ext/; Kochunov et al., 2012) . Sulcal structures were extracted as the medial surface between two adjacent gyral banks. The BrainVISA neural network-based sulcal identification algorithm was used to identify and label CS. For primary sulci, such as the CS, this process is Ͼ95% accurate ; labeling in each subject was reviewed by two skilled neuroanatomists. Mislabels were manually corrected. A 2D ribbon representing each CS was extracted for subsequent measurements.
CS depth was calculated as the path length on the sinuous sulcal surface from the outermost (Fig. 1 , green/black line) to the innermost (red/ black line) boundary of the sulcus. This method is computationally improved but theoretically analogous to that used in our prior report on the CS (Cykowski et al., 2008) . One hundred path lengths of equidistant spacing on a single CS constituted a DPP. Average CS depth was calculated by taking the mean of the 100 depths from each hemisphere (hemispheric phenotypes; Depth was measured at 100 points down each subjects' CS; however, we excluded the first and last 10 measurements when conducting DPPbased genetic analyses (see . This exclusion criteria was applied to make alignment and comparison to results reported in Talairach space more reliable, as the CS often branches near the Sylvian and interhemispheric fissures, which caused spikes in depth measurements. In our previous research, scaling of individual sulci based on overall length provided a better overlap in regional sulcal features in both humans and primates (Cykowski et al., 2008; Hopkins et al., 2010) . The approximate Figure 1 . Quantifying sulcal depth. The top ridge curve (green/black line) was defined by the locations of the intersection between sulcal body and the exterior convex hull. Locations were then used to define a plane orthogonal to the top ridge curve and the sulcal body. The most distal coplanar point on the sulcal body defined a point on the bottom ridge (red/black line). Each of the 100 depth measurements down the sulcal mesh was calculated as the length of a curve that connected equidistant points on the top ridge and the fundus, thus constituting a DPP. range of our sampling in Talairach space was 25 Ͻ z Ͻ 70, which corresponded to points 100:1 in CS space. That is, location 1 (Talairach z Ϸ 70) was nearest to the interhemispheric fissure and location 100 (Talairach z Ϸ 25) was nearest to the Sylvian fissure. Quantitative genetic analyses. Variance components methods, as implemented in the Sequential Oligogenic Linkage Analysis Routines (SOLAR) software package (Almasy and Blangero, 1998) , were used for all genetic analyses (http://www.nitrc.org/projects/se_linux/).
Heritability (h 2 ) is the proportion of total phenotypic variance ( 2 p ) that is accounted for by additive genetic factors, and is assessed by contrasting the observed phenotypic covariance matrix with the covariance matrix predicted by kinship (h 2 ϭ 2 G / 2 p ), where 2 G is the genetic variance due to additive genetic factors, and 2 E is the variance due to environmental effects. High heritability indicates that the covariance of a phenotype is greater among more closely related (genetically similar) individuals.
Significance of heritability was tested by comparing the log e likelihood of the model in which 2 G is constrained to zero with that of a model in which 2 G is estimated. Twice the difference between the two log e likelihoods of these models yields a test statistic, which is asymptotically distributed as a 1 ⁄2: 1 ⁄2 mixture of a 2 variable and a point mass at zero. Before testing for the significance of heritability, phenotype values for each individual were adjusted for a series of covariates (age, sex, age 2 , age ϫ sex interaction, age 2 ϫ sex interaction, and handedness). We used a polygenic model that estimated the influence of specific variables (additive genetic variation, covariates, and random unidentified environmental effects) to calculate heritability and its significance ( p value) for variation of CS traits with a 5% false discovery rate (FDR) to correct for multiple comparisons.
Bivariate genetic correlation analyses were performed to decompose phenotypic correlations ( P ) between two traits into genetic ( G ) and environmental ( E ) correlations, accounting for kinship:
, where h 2 A and h 2 B are the heritability estimates for traits A and B. The magnitude of G is a measurement of pleiotropy, or shared genetic variance between traits; E is the variance shared due to environmental effects . Such assessments were made possible by the presence of multiple households within the extended pedigree.
The significance of genetic and environmental correlation was tested by comparing the log likelihood for two restricted models (with either G or E constrained to zero) against the log likelihood for the model in which these parameters were estimated. A significant genetic correlation ( p Յ 0.05, 5% FDR) is evidence for pleiotropy, suggesting that a gene or set of genes jointly influences both phenotypes (Comuzzie et al., 1997) .
Bilateral influence of genes or set of genes was characterized by performing bivariate correlation analysis on analogous depth measurements from the left and right hemispheres. That is, the depth at location "x" of the left CS was tested with location "x" of the right CS across all CS depth measurements. Genetic and environmental correlation coefficients were then plotted as functions of sulcal position.
Functional probes. Functional interpretations were sought by identifying estimates of sensorimotor regions previously associated with fingertapping and oral movements. Our extended pedigree investigations do not include task-based functional imaging. Instead, we performed a literature search for published groupwise peak-activation coordinates using the BrainMap database (www.brainmap.org) of functional MRI and positron emission tomography studies. A published meta-analysis on the functional correlates of fingertapping (Witt et al., 2008 ) provided a foundation for the purposes of the current report. Activations were primarily in the left hemisphere because all experiments were conducted on righthanded subjects instructed to perform tasks with their right hand. A meta-analysis of oral movement had not been reported, but the BrainMap database contained sufficient data to drive a meta-analysis. Oral movement studies included tongue movement, lip pursing, and smiling. For both fingertapping and oral movement searches were limited to Brodmann Area (BA) 4, 3, 1, and 2.
Activation likelihood estimation (ALE) methods were applied to the previously published activation coordinates to quantify the dimensions of and signal within predicted activation regions (Laird et al., 2005; Eickhoff et al., 2009). Fingertapping and oral movement regions were identified using a modified ALE method (GingerALE; Eickhoff et al., 2009) . Quantitative estimates of between-subject and between-template variability were empirically determined to explicitly model the spatial uncertainty associated with each activation coordinate. Activation coordinates were permutated to test for the above-chance clustering between experiments, resulting in a random-effects method of statistical inference. Therefore, ALE clusters were not unduly influenced by any single study (Table 2) .
Cogent mapping from coordinate to DPP space was achieved in a two-step process: First, activation clusters were honed to the CS by limiting the BrainMap search to BA 4, 3, 1, and 2. Second, groupwise primary axis decomposition of the CS strongly aligned with the Talairach z-axis, therefore the activation clusters were approximated by the z-coordinate extent of ALE hand and mouth clusters. For a related application of this approach, see Cykowski et al. (2008) .
Brain-behavior pleiotropy. Shared genetic influence of performance on a dextral speeded process and the fingertapping area of the left DPP was also analyzed. The speeded process task was a continuous pairs test designed to assess motor and sensory processing speed, working memory, and attention (Cornblatt and Malhotra, 2001) . Subjects were briefly presented with a group of three shapes that appeared on a screen, quickly followed by another group of three shapes. This continued for 200 trials and lasted a maximum of 5 min in all. Subjects were told to press the space bar each time the same group of shapes appeared twice in a row, which occurred a total of 70 times for each subject. Average reaction time for true positives was the behavioral metric that was used to test for pleiotropy with CS depth.
Pleiotropy by distance. Shared genetic influence as a function of distance between CS depth measurements was assessed by performing bivariate correlation analysis on depths ranging from 1 to 50 points away from one another, which corresponded to ϳ0.8 -30 mm. This distance range ensured adequate sampling over the entire sulcus. The average genetic and environmental correlation coefficients for each distance were then plotted and fit with polynomial functions. The distance range of 50 measurements (ϳ30 mm) was chosen so that each of the 100 points was sampled at least twice.
Results

DPPs
Three primary forms of DPPs were observed (Fig. 2A) . The dominant profile, present in 70% of subjects, was bimodal. The superior portion of the DPPs was more variable than the inferior portion. One subject had a split CS composed of two entirely separate sulci. Trimodal and unimodal configurations accounted for 15 and 8% of subjects' configurations, respectively. Although the majority of the observed sulci had bimodal DPPs, the superior portion of the bimodal configurations differed drastically by subject (Fig. 2B) . For this reason, aligning sulci by peak or trough Activations from 139 subjects contributed to the localization of oral movement.
would have introduced subjective observer dependence and inconsistently altered the position of traits with respect to the surrounding sensorimotor cortex. Additionally, the inferior peaks of bimodal configurations had some degree of natural alignment in native DPP space. Because there were three varying modal configurations within the extended pedigrees, mean depth by position should be interpreted cautiously and is displayed purely for comparison to previous reports ( 
Heritability of global and hemispheric phenotypes
CS length and depth were significantly heritable globally. Length was more heritable in the right hemisphere; depth was more heritable in the left (Table 1) . Age, age 2 , sex, age ϫ sex interaction, age 2 ϫ sex interaction, and handedness were included as covariates in all analyses. However, specific contributions of these covariates to hemispheric asymmetries are outside the scope of the current report and have been reported previously (Cykowski et al., 2008; Hopkins et al., 2010) . All of the covariates combined to account for 3-8% of the phenotypic variance in all traits. Age, age 2 , sex, and their interactions were significant in genetic analyses of depth, but were only significant for length in the left hemisphere. Handedness did not account for a significant portion of variance in any of the analyses. Variations of peak location, peak depth, and number of peaks were uniformly nonheritable traits (Table 3) .
Genetic and functional analyses of DPPs
Heritability of DPPs (h 2 -DPPs) varied by position and hemisphere (Fig. 3) . The values comprising the three peaks of each profile were significant (P avg ϭ 7E-4, 80/160 positions) after correcting for multiple comparisons. In the superior portion of the CS (Fig. 3) , the significant portions of the left and right h 2 -DPPs were quite similar. However, three points in the right reached significance (x ϭ 14, 16, 17) whereas the left did not contain significantly heritable depth in this region. The h 2 -DPPs differed more so in the inferior portion (Fig. 3) . Specifically, the left had a trough that separated two prominent peaks (52 Յ x Յ 63 and 70 Յ x Յ 81), while the right had one uninterrupted peak (60 Յ x Յ 80). In general, the h 2 -DPPs were qualitatively similar, although the right had an additional peak superiorly while the left had an additional peak inferiorly.
The locations of the peaks of the h 2 -DPPs were adjacent to specialized functional areas. The predominant superior portion of the h 2 -DPPs was encompassed by the predicted fingertapping area. Fingertapping activation mapped to 25 Յ x Յ 47 of the DPP (Fig. 3) , which corresponded to Talairach z-coordinates of ϳ51 Յ z Յ 61. Nineteen published studies contributed to the mapping of this area. Oral movement activation mapped to 57 Յ x Յ 85 of the DPP (Fig. 3) , which corresponded to Talairach z-coordinates of ϳ31 Յ x Յ 45. The predominant inferior portion of the h 2 -DPPs coincided with the oral movement area. Twelve published studies contributed to the mapping of this area, involving lip pursing, tongue movement, or smiling. In general, lip pursing activation coordinates were superior to tongue movement coordinates, but there was overlap and the ALE analysis did not split the predicted region of interest (ROI) into separate clusters. Interestingly, the peaks of each DPP were not pleiotropic For reference to previously published reports, the mean DPP across all subjects is also plotted by position (gray trace; secondary y-axis). Predicted activation areas for fingertapping (gray segment) and oral movement (black segment) are plotted just above the x-axis. with one another, suggesting that different gene sets contribute to depth in the hand and mouth regions. Significant behavior-brain pleiotropy was found between average reaction time on a dextral speeded process task and the fingertapping area of the left DPP. Average reaction time across all subjects was 580 ms; average number of true positives was 57 of a possible 70. Pleiotropy was significant using two variations of CS depth. In one, the structural metric was average depth in the fingertapping area of the left DPP ( G ϭ 0.5, p ϭ 0.05). In the other variation, the structural metric was depth at the location of peak heritability within the fingertapping area of the DPP ( G ϭ 0.6, p ϭ 0.02).
Left and right analogous CS depth measurements were strongly pleiotropic (Fig. 4) . More specifically, evidence indicated that common genes or sets of genes influenced depth at position x of the left DPP and position x of the right DPP (Fig. 4 The distance between CS depth measurements strongly affected bivariate correlation analyses (Fig. 5) as the degree of shared genetic control fell off as a function of distance. Common genetic influence (filled circles) was best fit by a third-degree polynomial; common environmental influence (open triangles) was best fit by a fourth-degree polynomial. Common genetic influence reached a steady correlation value of ϳ0.4 at a distance of 30 sampling points, while common environmental influence continued to slope downward and was negative beyond a distance of ϳ40 sampling points.
Discussion
This experiment provides direct evidence that DPPs capture patterns of genetic influence on CS morphology. Heritability of CS depth varied as a function of position. The most heritable portions of the sulcus corresponded to specialized functions (fingertapping and oral movements). In addition, we found significant genetic correlation between performance on a speeded dextral task and CS depth within the finger movement region. Together, these findings strongly suggest that sulcal depth is influenced by genetic factors that reflect established functional organization of the cortex. Going forward, this motivates the use of DPPs to characterize genetic underpinnings of brain structure and function. Lohmann et al. (1999) first indicated the influence of genetic factors on sulcal variability. However, this study included only 10 twin pairs without a control group and involved no formal genetic testing-co-twins were compared, then pairs were "shuffled" and the same groups of subjects were compared as unrelated pairs. It was concluded that sulcal similarity increased with sulcal depth significantly more so in monozygotic twins than unrelated pairs (Lohmann et al., 1999) . Figure 3 may indicate that h 2 -DPP peaks correspond to sulcal depth peaks in apparent support of Lohmann's conclusion. However, in light of Figure 2 , it is quite clear that individual subject data are far too variable to glean Lohmann's conclusion from Figure 3 's average depth trace. Moreover, correlation of depth versus h 2 in the current sample was not convincing (R 2 ϭ 0.2; data not shown). Algorithms for computing sulcal similarity across subjects have proven useful for group-level analysis (Lohmann et al., 2008; Im et al., 2010 Im et al., , 2011 , but do not yield meaningful neuroscientific traits on a per subject basis. Use of such algorithms in small twin samples suggest that sulcal features, such as depth peaks or troughs, are ideal for comparing or normalizing variance across subjects, and that landmarks in the beds of sulci inform an organizational framework of the brain. However, such landmarks are described quantitatively for each subject by DPPs and therefore directly translate to traits without statistical inference. Furthermore, DPPs describe the pith of sulcal morphology vis-à-vis surrounding brain structure and more readily lend to investigations of how genes influence the brain. Regis et al. (2005) proposed that a plis de passage, or hidden bridge of cortex partially buried within sulci, is biologically important, and that a sulcus that has a plis de passage should be split at the plis and treated as two separate components or roots. This is particularly relevant to the central sulcus, as its bed is traversed by the plis de passage de frontopariétal moyen (Broca, 1888) . Our results strongly recapitulate Regis' postulate, as h 2 -DPPs were bifid with peaks that corresponded to separable hand and mouth regions.
Relation to prior sulcal research
Lateralization of function
The prominent trough in the inferior portion of the left h 2 -DPP separates two inferior peaks, while the right h 2 -DPP only has one. . Genetic and environmental correlation by distance. Common genetic and environmental influence are plotted as functions of distance between CS depth measurements. Average correlation coefficients were plotted for depths that ranged from 1 to 50 points away from one another, which corresponded to ϳ0.8 -30 mm.
We suggest that this asymmetry reflects increased genetic influence related to BA 6 in the left hemisphere. The presence of BA 6 in this portion of the CS was first noted by Brodmann (2006) himself: "Area 4 does not quite reach the lower end of the (central) sulcus; in many cases it stops 2-3 cm higher in the depths of the sulcus. Areas 4 and 6 undergo a gradual transition such that the identification of the line of transition is purely subjective and can only be determined from numerous individual brains."
These statements are especially relevant to the current report's focus on variance related to the depth of the sulcus in 467 brains. We suggest the left h 2 -DPP in this portion of the CS is a reflection of genetically driven functional specialization in conjunction with the lateralization of speech (Damasio and Geschwind, 1984; Devlin and Watkins, 2007) . Kell et al. (2011) postulated that lateralization of speech starts in the left sensory cortex and is maintained in the motor cortex. Findings indicated that the articulatory somatosensory cortex was one of only two regions that showed a strong left lateralization during speech preparation. Herein, this was one of only two regions that did not share bilateral genetic influence (Fig. 4) . Our meta-analytic oral movement ROI did not draw upon speech activations, therefore we can only speculate on this matter. However, a genetic component of lateralized speech is supported circumstantially by our finding that the localization of oral movements corresponds to Brodmann's cytoarchitectonic split and Kell's theory of left somatosensorybased speech lateralization.
Implications for the field of imaging genetics
From genetic analysis of an extremely identifiable and well understood feature of the brain, we sought general rules that may apply to less understood brain regions. For this purpose, we describe three broad ranging principles. First, a "distance rule" suggests that topographically distant cortical traits are genetically distant, while traits that are near one another share a greater degree of genetic influence. Second, hemispheric counterparts of the CS were strongly pleiotropic (and not under common environmental influence) despite heavily lateralized dexterity within our sample (Ͼ90% right-handed). This suggests that genetic influence follows a "symmetry rule" in that a feature in one hemisphere is likely under the control of the same genes or sets of genes as the analogous feature in the opposite hemisphere. Thirdly, we propose that heritability peaks along DPPs are indices of genetically controlled functional specialization, even within the same cytoarchitectonic regions (BA 4, 3, 1, 2) . This suggests that genetic influence follows a "functional specialization rule." Furthermore, genetic and environmental effects within these regions should be more detectable than in other functional regions by the homuncular principle that highly specialized regions are allocated more cortical area. Setting forth hypotheses derived from and tested within brain traits where neuroscientific principles are commonly regarded will aid the study of function and dysfunction in less understood brain regions.
The symmetry rule strongly recapitulates a key aspects of the first cortical atlas constructed entirely from genetic information . Therein, 5124 vertexwise measurements of cortical surface area were genetically clustered, yielding a genetic correlation map where hemispheric symmetry is a predominant feature. This implies that lateralization may take place by other means, such as gene penetrance, expression, or untested environmental influence.
The distance rule may represent systems-level ramifications of the proto-map hypothesis, which states that developmental projections from the ventricular zone map neurons to predefined layers of cytoarchitectonic areas (Rakic, 1988) . Broadening Rakic's theory from neurons to sulci implies that proliferative units are also responsible for the brain's distinctive and species-specific macroscopic architecture. If true, image-based DPPs are an extremely powerful phenotype in that the characterization of ontogenetic factors, as described by Rakic, are beyond the resolution of MRI and too invasive for in vivo human research, while sulci are detectable as early as the 12th week of gestation (Zhang et al., 2013) with innocuous MRI procedures.
Phenotypes are often tested in abundance without regard to hypotheses or structure-function relationships. An alternative approach is selecting, modeling, and evaluating potential phenotypes based on the ability to test neuroscience driven hypotheses. Though seemingly apparent, this notion is a drastic deviation from modern high-profile methods, such as testing every voxel in an image for genome-wide association. Not only does such a broad net increase type 1 error, it also undermines a century of neuroscience research with a moot question: do genetic variants influence image voxels? Because the actions of genes are largely unknown, phenotypes should represent neuroscientific truth, as we presume, instead of an arbitrary aspect of image processing. The notion that heritability peaks are indices of genetically controlled functional specialization is a strong indication that findings from 25 years of functional imaging research should be used to help define traits for gene discovery. From a genetics standpoint, traits that represent genetic clusters [e.g., the Chen subdivisions (Chen, 2012) and hand/mouth regions of DPPs] garner greater statistical power for gene identification studies and have a fundamental neuroscientific component from which we can further our understanding of how genes influence neuroscientific traits.
Application to other sulci
Phenotypes from DPPs of sulci that are long and rarely interrupted will likely yield optimal results. Specifically, the collateral, callosal, calcarine, parieto-occipital, and central sulci are Ͼ90% likely to be continuous (Ono et al., 1990) . Strong association with adjacent BAs is also characteristic of these sulci. In contrast, the precentral and inferior temporal sulci are almost always interrupted, which would complicate the comparison of DPPs across subjects.
Gene discovery
The current study does not provide information concerning the identity of the causal genes that influence the brain. However, it does provide substantial evidence that there are genes involved in the development of the CS and that image-based DPPs are sensitive to genetic mediation. Identification of these genes will provide an important vantage point for understanding the brain's intrinsic genetic architecture.
